Molecular fragmentation algorithms provide a powerful approach to extending electronic structure methods to very large systems. Here we present a method for including charge transfer between molecular fragments in the explicit polarization (X-Pol) fragment method for calculating potential energy surfaces. In the conventional X-Pol method, the total charge of each fragment is preserved, and charge transfer between fragments is not allowed. The description of charge transfer is made possible by treating each fragment as an open system with respect to the number of electrons. To achieve this, we applied Mermin's finite temperature method to the X-Pol wave function. In the application of this method to X-Pol, the fragments are open systems that partially equilibrate their number of electrons through a quasithermodynamics electron reservoir. The number of electrons in a given fragment can take a fractional value, and the electrons of each fragment obey the Fermi-Dirac distribution. The equilibrium state for the electrons is determined by electronegativity equalization with conservation of the total number of electrons. The amount of charge transfer is controlled by re-interpreting the temperature parameter in the Fermi-Dirac distribution function as a coupling strength parameter. We determined this coupling parameter so as to reproduce the charge transfer energy obtained by block localized energy decomposition analysis. We apply the new method to ten systems, and we show that it can yield reasonable approximations to potential energy profiles, to charge transfer stabilization energies, and to the direction and amount of charge transferred.
I. INTRODUCTION
Charge transfer interaction was introduced into theoretical chemistry by Mulliken and others 1, 2 to explain the attractive interaction in complexes that could not be classified according to the interaction types previously recognized, in particular, ionic, covalent, and hydrogen bonds. Since then, charge transfer systems have been extensively studied by experiment, calculations, and model development. [3] [4] [5] [6] We are concerned here with charge transfer between interacting molecules or fragments in their ground electronic states, and from the point of view of molecular orbital theory, such charge transfer is recognized as the migration of electron density primarily from the highest occupied molecular orbital (HOMO) of an electron donor to the lowest unoccupied molecular orbital (LUMO) of an electron acceptor. Charge transfer is included in molecular modeling by treating the complex as a supermolecule, and, if desired, the specific contribution of charge transfer to the complex's energy can be identified by energy decomposition methods. [7] [8] [9] [10] The application of decomposition methods to a wide range of systems has made clear the role of the charge transfer interaction in both simple and complex systems. [11] [12] [13] [14] [15] Electron transfer is important not just in charge transfer complexes 1, 2 (where it provides the dominant contribution to binding) but to some extent in all interatomic and a) Electronic mail: truhlar@umn.edu. intermolecular interactions, except for high-symmetry cases in small systems. Neglect of charge transfer interactions in molecular modeling has the consequence that the electron densities and/or charge distributions upon which the modeling is based have systematic errors. In recent years, considerable attention has been devoted to including polarization in molecular modeling methods, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] but usually without including charge transfer between interacting molecules or molecular fragments. This is unbalanced because charge transfer is actually an extreme form of polarization, where the polarized charge moves a significant distance and cannot be well approximated as a linear response.
The explicit polarization (X-Pol) method [29] [30] [31] [32] is a model that describes polarization by a quantum mechanical treatment of molecular electron densities (as opposed to many other models that are essentially classical, such as molecular mechanics). In this model, a condensed-phase system is divided into interacting fragments, the internal energies of the fragments are treated with quantum mechanical electronic structure theory, and the interactions between fragments are described by electrostatistics and empirical functions for the description of exchange repulsion and dispersion-like interactions between fragments. The sum of these exchange repulsion and dispersion-like interactions is called the van der Waals energy. The true interfragment interaction may be decomposed into five components: electrostatic, polarization, exchange-repulsion, dispersion, and charge transfer interactions. In the X-Pol method, the electrostatic interaction can be described using a variety of approaches, including the approximation used here that the electrostatic potential of the other fragments is given by the Coulomb potential of partial atomic charges 29, 31, 32 (one can also use multipole moments 33 ). The exchange repulsion interactions can be estimated by antisymmetrizing the X-Pol wave function 34 using the block-localized wave function (BLW) approach. 10 The exchange repulsion is short-ranged and approximately pairwise additive, and so here and in most previous work we approximate it by the short range term of Lennard-Jones potentials. Dispersion is also included by Lennard-Jones potentials, and the polarization is included by a self-consistent field quantum mechanical model. Charge transfer interaction between fragments that are not connected by a covalent bond is not included in the original X-Pol method because the fragments each have a fixed number of electrons.
The requirement that fragments have a fixed integer number of electrons presents a barrier to including charge transfer in all quantum mechanical fragment models. Li et al. 35 included the charge transfer interaction in the framework of the effective fragment method 36, 37 based on the second-order perturbation method. In the perturbation method, the stabilization energy by the charge transfer is included by the combination of occupied molecular orbitals of one fragment with the virtual molecular orbitals of another fragment. The perturbation method was also used in the study by Stone. 38 However, the perturbation approach lacks self-consistency steps and behaves correctly only when the interaction is relatively small.
In this work, we construct a self-consistent fragmentbased charge transfer model that predicts the direction and amount of charge transfer from one fragment to the other fragment and provides an estimate of the stabilization energy due to charge transfer. The method is an extension of X-Pol, and we call it grand canonical-X-Pol or GC-X-Pol. It is applicable to both weak van der Waals interactions and to the fairly strong interactions in systems that include charged species. In order to describe the migration of electrons from one fragment to another, one needs to treat each fragment as an open system with respect to the number of electrons. Mermin's finite temperature method 39 makes this possible, because the electrons in a molecule are treated with the grand canonical ensemble and the electron distribution is determined by Fermi-Dirac 40 statistics. Mermin's theory is an extension of the HohenbergKohn theorem 41 and reduces to conventional density functional theory in the case of zero temperature. It has been applied to electrochemical processes 42 and to the dynamics of quantum fluids. [43] [44] [45] [46] In our application of this theory to the X-Pol fragment method, the distribution of electrons between fragments is determined based on the concept of chemical potential equalization, which is also called electronegativity equalization. This concept was originally suggested by Sanderson 47 and has been rigorously defined in density functional theory. 48, 49 A large number of applications have proved that this concept is a useful tool to determine the redistribution of charge densities during chemical processes. [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] Much of the previous work on electronegativity equilibration algorithms has been in the context of polarizable molecular mechanics and semiempirical valence bond theory, but we note that the method has also previously been applied 67 in a quan- tum mechanical fragment method, which is the subject of the present paper.
67

II. METHOD
II.A. Mermin's free-energy functional in X-Pol
We consider a system which is composed of N f fragments. For example, each fragment can be a molecule or ion in a liquid system or a residue in a protein. Each fragment is coupled to the others via an electron reservoir as shown in Fig. 1 , and the fragments exchange electrons through the reservoir. The grand canonical energy for a fragment α is given by
where the first term is the electronic kinetic energy, and the second and third terms are electron-electron Coulomb energy and exchange-correlation energy, respectively. The first and second energy terms are given by
and
where ψ α,i (r) is the ith molecular orbital and M α is the number of orbitals in fragment α. Note that in closed-shell fragments the up-spin and down-spin spatial orbitals are identical, in which case each spatial orbital occurs twice. In Eq. (2), f α,i ( α,i ) is orbital occupancy which is represented by the Fermi-Dirac distribution function,
Here α,i is the orbital energy of the ith molecular orbital, μ is the chemical potential that characterizes the whole system, and k B and θ are the Boltzmann constant and the temperature, respectively. At zero temperature, μ is equal to the Fermi energy F , and the occupancy function becomes a Heaviside function,
The orbitals that have zero occupancy in this limit are called virtual orbitals.
The fourth term in Eq. (1) is the contribution of the entropy, where the entropy for Fermi particles is given by
The entropy term has a nonzero value only when one or more of the orbitals is occupied by a fractional number of electrons.
In the fifth term in Eq. (1), v ext (r) is the potential from sources external to the electronic subsystem of fragment α; this includes the interaction of the electrons in fragment α with the nuclei of fragment α and with the electrostatic field due to the other fragments. Therefore, the interaction between the external potential and the electron density in fragment α is given by
where N α and N f are the number of atoms in fragment α and the number of fragments, respectively, and R a is the coordinate of nucleus a. The terms in Eq. (7) represent interactions of electrons with the nuclear charges {Z α } in the same fragment α and with the partial atomic charges {q b } in the remaining fragments. The chemical potential also affects the motion of electrons, such that the electrons move in the effective potential v ext − μ α . The last term in Eq. (1) represents nuclear-nuclear repulsion interaction energies. At a finite temperature, the equilibrium system is assumed to be a mixture of ground and excited states, and we observe some electron density in the virtual orbitals. The electron density in fragment α is expressed as
The number of electrons in each fragment is not fixed because each fragment can exchange electrons with other fragments via the electron reservoir; however, the total number of electrons in the whole system, N tot , is preserved as
The actual charge transfer interactions in the systems we study are not caused by a finite temperature; however, we use the finite-temperature ensemble with an artificially raised temperature to model the correction to the approximation that each fragment has a fixed number of electrons. The determination of the temperature parameter is explained in Section IV. The molecular orbitals that minimize the grand canonical potential energy are obtained by solving the grand canonical Kohn-Sham (KS) equations at a finite temperature θ and chemical potential μ,
where w xc,α,i (r) is exchange-correlation potential defined by
Equation (10) differs from the conventional zero-temperature KS equation in that the electron density is represented with fractional occupation numbers. The grand canonical KohnSham operator is the operator in the braces of Eq. (10). It depends implicitly on μ because it involves the electron density, which depends on the chemical potential through Eqs. (4) and (8) .
Using the molecular orbitals obtained from Eq. (10), one can calculate the grand canonical energy of fragment α from a formula analogous to that used in Hartree-Fock (HF) theory,
In Eq. (12) 
where the indices λ and ν refer to the atomic orbitals, and P α,λν is a density matrix element that can be written using fractional occupancies as
where c α,λi is the coefficient of the λth atomic orbital in molecular orbital i of fragment α.
Then the total energy of the entire system is written as
where
Note that Eq. (15) excludes the chemical potential contribution of the grand canonical energy F α . Because S α is very small, U α is almost equal to the electronic energy E α , which is as a sum of the kinetic and potential energies of the electron. The second and third term in Eq. (15) represent the Coulomb and van der Waals interactions between fragments, respectively. In the present study, the partial charge is determined by Mulliken population analysis, 70 and the Mulliken charge is given by
where S is the overlap integral. The van der Waals interactions are determined using the Lennard-Jones potential function,
The pairwise parameters ab and σ ab are derived from atomic parameters a , b , σ a , and σ b by using combining rules:
Notice that hardness is included automatically in the present model by the full electronic structure calculation on each fragment.
II.B. Fermi-Dirac distribution function for X-Pol
According to the electronegativity equalization principle, the chemical potential is the same in every fragment of the complex. However, in a fragment method, we are not treating true thermodynamic equilibrium, and the degree of equalization should depend on the strength of coupling between a pair of fragments, and this coupling strength is a function of the distance between them. For example, when the two fragments are infinitely separated, the chemical potential of each fragment is independent of the other fragment because the two fragments are no longer coupled to a common electron reservoir. The need for introducing partial equilibration when overlap is diminished is well established in the literature of electronegativity equilibration. 58, 59, 61, 62, 64, 68 If a fragment is infinitely separated from all other fragments, then its chemical potential is the same as that in the gas phase, and as two fragments approach, the coupling becomes significant, and each fragment is characterized by the same chemical potential (we call the common chemical potential the universal chemical potential). We include this distance effect by writing,
where μ 0 α (τ α ) is the chemical potential of the constituent fragment that combines with the electron reservoir with coupling strength τ α ,μ is the universal chemical potential for the entire system based on the self-consistent equations for the coupled fragments, and g α is the weight of the universal chemical potentialμ as specified below.
The Fermi-Dirac distribution depends on both the temperature and the chemical potential. In the Fermi-Dirac distribution function, the occupancies of the virtual orbitals increase with increasing temperature, and this controls the amount of charge transfer. In order to reflect the dependency of the coupling strength on the interfragment distance, we rewrite the Fermi-Dirac distribution function as
where τ α is coupling strength defined by
The weight g α is an exponentially decaying pairwise function of the effective distance between atomic sites, and it determines the balance between the universal chemical potential and the chemical potential of the single fragment α. At infinite separation of a given fragment from all other fragments, g α becomes zero, and the coupling strength becomes zero. The weight takes a value between 0 and 1 and is given by
where N α and N β are the numbers of atoms in fragments α and β, respectively, and ζ is a constant parameter that determines the dependence on the effective distanceR ab between atom a in fragment α and atom b in fragment β. The effective distance is given bỹ
where the two functionsR ab = 0 andR ab = R ab are smoothly connected by the spline function S pl (R ab ) in the region betweenσ ab andσ ab + . The coefficients of the spline function are given by
These are obtained by solving the linear equations yielded by imposing three continuity conditions for the function and its first two derivatives at each boundary. The pairwise parameter σ ab is written asσ
whereσ a is the van der Waals radii of atom a. In Eqs. (24)- (27), and κ are constant parameters which are independent of the type of atom or the system. Because Eq. (23), like overlap, decreases exponentially with distance, its use should eliminate the superlinear scaling and unphysical polarizabilities encountered 59, 63, 64 in early versions of electronegativity equalization based on molecular mechanics. The use of Eq. (23) also avoids the problem of dissociation to ion instead of neutral fragments.
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III. COMPUTATIONAL DETAILS
In the conventional X-Pol method, double self-consistent field (SCF) optimizations are performed. 29, 31, 32 One of the SCF procedures corresponds to molecular orbital optimizations for the individual fragments under the external electrostatic potential of the remaining fragments. In the nonvariational version of X-Pol that is used here, this electrostatic potential is the same as is used in quantum mechanical/molecular mechanical (QM/MM) calculations based on partial atomic charges. The other SCF calculation is performed to obtain the full relaxation of the electronic polarization over the entire system. In this procedure, the wave function of given fragments and the charges of the remaining fragments are alternately (or simultaneously) updated. The double SCF calculations are continued until the total energy of the whole system converges. In addition to the above SCF calculations, one more iterative calculation is required in the GC-X-Pol method in order to determine a universal chemical potential that characterizes the system. The procedure including the triple SCF calculations is illustrated with the flowchart in Fig. 2 . The initial chemical potential of a fragment α that is coupled to the electron reservoir is given by
where superscript "0" indicates the isolated fragment, and originates from Mulliken's definition of absolute electronegativity,
where I P and EA are the ionization potential and electron affinity, respectively. For this purpose, the I P and EA are approximated by orbital energies:
where Eq. (31a) is Koopmans's theorem. 71 The initial universal chemical potential is given as an average of the chemical potentials of constituent single fragments,
At each iteration, the electronic structure of each fragment is determined under the constant chemical potential μ α and coupling strength τ α , where the occupancies change in each iteration step of the SCF procedure because the occupancies are functions of the molecular orbital energies. After the molecular orbitals are optimized for the all of fragments, the number of electrons in the whole system is checked. The chemical potential is increased when the total number of electrons is smaller than the original number of electrons and is reduced when the number is exceeded. This adjustment is continued until the total number of electrons in the entire system reaches the original integer number. To achieve smooth convergence of the chemical potential, we used the following function for the adjustments: with
where E h is one hartree, C is unitless, and N j is the difference of the number of electrons at the j th iteration step Fig. 3 . b The value is fixed to avoid the flip of the water molecule at large R and to define a reaction coordinate that yields a smooth binding energy profile.
entire system. The actual number of interactions required to achieve convergence will depend on the algorithm used. The algorithm presented above is a straightforward one but it's not optimized. Optimization of the iteration scheme is subject for future study.
All of the geometries are optimized using the M06-2X density functional 72 with the 6-31+G(d,p) (Ref. 73) basis set. The dimer geometries are determined by partial optimization with the internal geometry of each monomer fixed. The optimized intermolecular coordinates are summarized in Table I . In the X-Pol calculation for both 0 K and finite temperature, the energies are calculated using M06-2X with the 6-31G(d) (Ref. 73 ) basis set because this basis set provides reasonable Mulliken charge distributions. 32 (However, one can also use more accurate charge models [74] [75] [76] in future work.) In the numerical calculation of the exchange-correlation energy, polar coordinates are employed for the grid generation. The number of grid points is as follows. Ninety-six radial points in the Euler-MacLaurin quadrature, 20 points for angle theta, and 40 points for angle phi grids in the Gauss-Legendre quadrature. This number of grid points provides enough accuracy for the comparison of eigenvalues between different conformers for the identical molecule.
Lennard-Jones (LJ) parameters are important for the accurate estimate of interaction energy between QM and MM fragments. 77, 78 The present LJ parameters are taken from the previous X-Pol work 32 for C, O, and N atoms except that here we use an arithmetic mean in Eq. (19b), and Ref. 32 used a geometric mean. These parameters were optimized for the B3LYP/6-31G(d) model so as to reproduce the equilibrium geometries and the binding energies determined by electronic structure calculations (therefore, these parameters need not be the optimal ones for the present M06-2X functional, but they will suffice to illustrate the new method). For the O atom, we took the average value for those of the sp 2 and sp 3 hybridization states. The parameters of F and Cl are the same as those used in the generalized AMBER force field, 79 except for epsilon of Cl. Both H and σ H are parametrized in the present study so as to yield reasonable binding energy surfaces for hydrogen bonded systems, and σ Cl is parametrized for the reference charge transfer systems. The LJ parameters that we used are summarized in Table II . 
IV. PARAMETRIZATION
Mermin's grand canonical method is incorporated in the X-Pol method in Subsection II A, and in Subsection II B we included the distance effect using weight function g α in the Fermi-Dirac distribution function in order to take account of the vanishing of the coupling when the subsystems are separated. In the weight function g α , three kind of parameters, ζ , , and van der Waals radii, are included. We used Bondi's values 80 for the atomic radii:σ H = 1.20,σ O = 1.52,σ C = 1.70,σ N = 1.55,σ F = 1.47,σ Cl = 1.75 in Å. Thus, the present charge transfer model has three parameters still to be determined: ζ , , and temperature θ . The absolute coupling strength is determined by θ , and ζ and have less of an effect on the main results. Therefore, we parametrize θ for reasonable values of ζ and . In the present, we set ζ = 0.05 a −1 0 and = 1.0 Å. The parametrization of θ is carried out so as to reproduce the charge transfer energy yielded by the BLW energy decomposition method (BLW-ED).
10 Figure 2 shows ten dimer systems used for the parametrization; these include 6 hydrogen bonded systems and 4 charge transfer systems. 6, [81] [82] [83] In GC-X-Pol, the charge transfer interaction energy is defined by
where E GC-X-Pol (τ α , τ β ) is the GC-X-Pol binding energy calculated by
and where E X-Pol AB (0) is the binding energy calculated by X-Pol without charge transfer, which is given by setting θ equal to zero:
where E X-Pol AB (0) is the conventional X-Pol energy, and E A (0) is the monomer energy at zero temperature. Note that in Eq. (36), the reference state is defined as the isolated fragments each coupled to the electron reservoir with the same coupling strength that they have in the dimer. This definition is necessary to treat the kinetic energy of the electrons consistently in the coupled and uncoupled states. Note that the charge transfer energy in Eq. (36) may be considered as a model to mimic the electron delocalization effect as defined in the BLW Ref. 10 decomposition scheme, and the procedure should not be interpreted as yielding a physical wave function; that is important because the charge transfer energy is not the difference between the GC energy and the energy of X-Pol, but rather it is an addition to the X-Pol energy based on the difference of terms calculated with nonzero coupling strengths, whereas the X-Pol wave function has zero coupling strength.
The quantity that is minimized in the parameter optimization is the root-mean square (RMS) deviation of the charge transfer energy predicted by GC-X-Pol from that predicted by the BLW-ED method; this is given by
where N s is the total number of test systems. In the BLW method, the charge transfer energy is defined as
where AB is the fully optimized wave function for dimer AB, and BLW AB is a block localized wave function defined by
where A represents a wave function that includes the polarization (intramolecular charge redistribution) and exchange interactions, andÂ is an antisymmetrizer. It is noted that the migration of electrons between fragments A and B (intermoleular charge redistribution) is not allowed in the wave function BLW AB . In order to allow charge transfer, it is required to expand the orbitals of each monomer to the space of the entire system. Thus, BLW and X-Pol have the same definition of charge transfer from the point of view that the all of interactions except for charge transfer are based on the localized wave function in each fragment, although BLW also includes exchange repulsion explicitly. (22), these temperatures correspond to coupling strengths τ α of 0.00 eV, 1.20 eV, and 2.00 eV, respectively, with the value of weight function g α in Eq. (22) being 0.93. As the coupling strength increases, the orbital energies are lowered, and occupancies of the virtual orbitals increase. On average, for 38 occupied and virtual orbitals in the dimer, the orbital energy lowering is 0.03 eV for θ = 15 000 K and 0.32 eV for θ = 25 000 K; this large orbital energy shift is especially important for the HOMO and LUMO. One of the reasons that the orbital energies are lowered is the shielding effect, that is, as the temperature increases, the electron momentum increases, allowing occupancy of the higher energy orbitals. As a consequence, the electron densities in the inner shell become smaller, and the net interaction with inner orbitals and the nucleus becomes more attractive. The other reason is the complementary relationship between kinetic energy and potential energy due to the virial theorem.
V. RESULTS AND DISCUSSION
V.A. Effect of coupling strength on charge transfer
The electrons distribute in a broader range of orbitals at the higher temperature due to the Fermi-Dirac distribution. To understand this better, we tested using a Gaussian-type distribution instead of the Fermi-Dirac distribution. When we did this, even higher temperature parameters were required to obtain the same amount of charge transfer as that obtained with the Fermi-Dirac distribution. This result indicates that the occupation of the high energy orbitals is an essential condition for the charge transfer states.
Because the amount of charge transferred and the charge transfer energy are physical observables and depend on the definition used, we focus first on the binding energy, which is an observable. Figure 4 gives the relationship between the binding energy and the coupling strengths. As the coupling strength increases, the binding energy changes almost monotonically. However, the ratio of increase of binding energy is not linear, and it depends on the system, because of the dependence on the whole set of orbital energies. Figure 5 shows the coupling strength dependence of the charge separation. As can be expected, the amount of charge transfer becomes large as the coupling strength increases. The monotonic increase of charge separation with the coupling strength correlates with the binding energy stabilization for CH 3 OH · · ·H 2 O and NH
However, for ClF · · ·H 2 O, the behavior of the charge separation is not monotonic; for example, the charge separation at coupling strength 1.52 eV (θ = 21 000 K) and 2.17 eV (θ = 30 000 K) is almost the same with the value being 0.011 e. This is because the intramolecular charge redistribution rather than the intermolecule charge redistribution is dominant at 30 000 K. The charge on the O atom is −0.81 e and −0.75 e for coupling strengths of 1.52 eV and 2.17 eV, respectively. Figure 6 displays the energy difference between the HOMO of the electron donor and the LUMO of the electron acceptor and the HOMO of the electron acceptor and the LUMO of the electron donor. For hydrogen bonded systems in the both neutral-neutral and ion-neutral pairs, the en- ergy gap between the HOMO of the electron donor and the LUMO of the electron acceptor increases, and the energy gap between the HOMO of the electron acceptor and the LUMO of the electron donor decreases. Thus, one energy gap increases, and another energy gap decreases. This indicates that the charge transfer from the HOMO of the electron acceptor to the LUMO of the electron donor also contributes to the system stabilization. For charge transfer systems, both of the energy gaps decrease. This behavior is reasonable for charge transfer systems, and this trend is observed for all four charge transfer systems. Figure 7 shows the RMS deviation of the charge transfer energy of GC-X-Pol from that estimated by the BLW-ED method, and this figure shows that θ = 25 000 K (the corresponding coupling strength differs for each system due to the difference of the weight g α ) provides the lowest RMS deviation with the value being 1.22 kcal/mol. C 2 H 4 · · ·ClF; on the other hand, it is underestimated for bimolecular complexes consisting of ion and neutral molecule. As mentioned in Sec. IV, the electrostatic, exchange repulsion, and polarization interactions are described using localized wave functions for both the X-Pol and BLW methods, and a major difference between these methods is the description of the intermolecular interactions-which employs a fully antisymmetrized wave function in one case and approximates the exchange repulsion empirically in the other. A second contribution is that parameters are only partially optimized in the present study. In the present initial test of the new method, we used constant values for the , ζ in the GC-X-Pol method; therefore, further refinement is possible by changing these parameters so as to depend on the type of atom. Figure 8 shows a cut through the binding energy surface of two of the hydrogen bonded systems and one charge transfer system. The inclusion of charge transfer enhances the binding energy relative to those obtained without charge transfer contributions. The contribution of the charge transfer is reduced as the two fragments become separated, indicating that the weight function g α works correctly and that the parameter ζ is reasonable. By including the charge transfer ef- The reference charge transfer energy is obtained by the BLW energy decomposition analysis for ten dimer systems (see Figure 3) .
V.B. Properties at bimolecular complexes
fect, the distance corresponding to the minimum energy does not change appreciably; however, the binding energy profile is generated using the geometries optimized by full QM calculation, and there is possibility that the energy would change slightly if the angle were relaxed by the GC-X-Pol potential or if geometries were optimized using an X-Pol calculation with parameters to best reproduce the accurate results. In the short distance region, the binding energy profile deviates considerably from the full QM calculation, and this trend is observed for all energy profiles of the dimers calculated by both 0 K X-Pol and GC-X-Pol. The dominant reason for this is the form of the LJ potential function, that is, the R −12 term in LJ potential yields repulsive walls that are too steep because the Lennard-Jones parameters were not optimized for the M06-2X density functional. The exponential form is more realistic and may yield improved results. Furthermore, the representation of the electrostatic interaction by point charges from Mulliken population analysis is not accurate enough for quantitative construction of the quantum mechanical force field. 6, 84 It has been shown that the electrostatic interaction can be improved by including the charge penetration effect. 84, 85 This effect originates from the reduction of shielding by the electron cloud at shorter distances, and it would be interesting to test whether including charge penetration would improve the results obtained with X-Pol or GC-X-Pol. Nevertheless, it has been shown that with a single set of optimized Lennard-Jones parameters, the binding energies for a range of bimolecular complexes from the X-Pol method using a given DFT method can be fitted to yield an excellent agreement with values obtained from full coupled cluster singlet and double excitation (CCSD(T)) optimizations. 32 Although Mulliken population analysis can lead to unphysical results when applied uncritically or with large basis sets, here it provides a useful measure of the amount of charge transfer between fragments; for small interfragment separation, it is useful because we use a small basis set without diffuse function, and for interfragment separation it is justifiable because the overlaps of orbitals on different fragments becomes very small. Table V summarizes the charge separation calculated by Mulliken population analysis for the ten dimer systems at their equilibrium distances. We can see that in all ten cases GC-X-Pol provides a direction of the charge transfer that is consistent with that obtained by Mulliken population analysis of the full QM calculation. Here, as already specified in Subsection III A, we used the 6-31G(d) basis set for the X-Pol calculation because 6-31G(d) basis sets provide the reasonable atomic charge and polarization in the X-Pol method. We used the 6-31+G(d, p) basis set for the full QM calculation because it provides more accurate reference data. We believe that the comparison of the amount of charge transfer with that of full QM calculation is a less definitive measures of success than the energy stabilization because charges are not observable quantities, and no rigorous definition of the atomic charge exists; moreover, atomic charge largely depends to a greater extent on the employed level of theory and basis set. 86 The electronegativity of each fragment is equal for the water dimer system, and the local difference of the electronegativity before equalization is a trigger of the charge transfer in this system. In the linear form of water dimer (see Fig. 3(a) ), the electronegativity of oxygen is larger than that of hydrogen, and the charge flows from the water of the proton donor to the water of the electron acceptor. According to the atomic polar tensor analysis used by Åstrand et al., 87 the electron moves from the proton donor to the acceptor, which is consistent with the present direction of charge transfer. The net effect of intermolecular charge transfer, which is of quantum mechanical origin, is reflected by increased atomic charges that enhance Coulomb interactions between the donor and acceptor molecules. It is noteworthy that intramolecular charge around frontier orbitals before(0 K X-Pol) and after(GC-X-Pol) charge transfer. redistribution accompanies the charge transfer, for example, the site charge on the oxygen atom in the electron acceptor is q O = −0.803 e as compared to the corresponding reference charge of q O = −0.755 e; this charge redistribution q O = 0.048 e is as great as the interfragment charge separation, 0.046 e. This result indicates that one should not consider charge transfer separately from electronic polarization.
As can be seen from Eq. (21), the Fermi-Dirac distribution of electron density is determined by the configuration of molecular orbitals at constant coupling strength and chemical potential. Table VI shows the orbital energies around the frontier orbitals. We can see that the HOMO and LUMO that give the lowest energy gap between the electron donor and the electron acceptor are located on the electron donor and the electron acceptor, respectively, both before (0 K X-Pol) and after (GC-X-Pol) charge transfer. This is the dominant reason that the direction of charge transfer is described correctly by GC-X-Pol.
VI. CONCLUDING REMARKS
In this work, we proposed a grand canonical X-Pol method to describe charge transfer in the X-Pol potential. In this method, the electrons are described by the Fermi-Dirac distribution. To express dependence of charge transfer on the fragment separation correctly, we devised a physically motivated form of the chemical potential, and we re-interpreted the temperature in the distribution function as a coupling strength.
In the GC-X-Pol method, the charge transfer state and the reference state are characterized by electronic occupation of virtual orbitals, and it is observed that the electrons distribute in a broad range of orbitals due to the Fermi-Dirac distribution. It was found that intramolecular charge redistribution is promoted as well as intermolecular redistribution. The key validations are that the stabilization energy by charge transfer is comparable with the charge transfer (delocalization) energy calculated by the BLW method, and the calculated charge separations are close to the values derived by the Mulliken population analysis of full QM calculations.
Further refinement is possible for this method. One possible refinement is further optimization of the parameters in the weight function g α , namely and ζ . In the present study, we set the values of these parameters to pre-determined constants, but allowing them to depend on the type of atom should make the GC-X-Pol method a more quantitative model. The other possible refinement is further parametrization of the temperature-like parameter θ . In the present study, θ is roughly determined for a small number of systems. In future work, we should parametrize it for a larger number of systems. In the ten dimer systems, it is found that the charge transfer energy is overestimated for the neutral-neutral systems except for C 2 H 4 · · ·ClF, and underestimated for the ionneutral systems. If such a general trend is revealed by applying the method to more systems, the temperature parameter θ can be determined for each system according to its bond type and charge state to obtain a more accurate charge transfer model.
Although the method has been presented in the context of X-Pol, many elements of the method are more general, and the same strategy could be used to include charge transfer into other fragment methods. This would solve a long-standing problem by which charge transfer is treated at a lower level than charge polarization in molecular modeling.
